The relationship between heat stress, meat quality, and residual feed intake (RFI) is unknown in growing steers. To address this issue, high RFI (HRFI) and low RFI (LRFI) individuals were compared by assessing RFI in 48 Angus-sired steers during a 70-d feeding trial conducted during July through September to identify steers with calculated RFI at least 2 SD apart. The association of RFI with indices of meat quality and expression of genes within hypothalamic and adipose tissue was then determined in LRFI and HRFI steers. While on test, feed intake was recorded daily with BW and hip heights recorded every 14 d. Ultrasound measurements of rib eye area (REA) and backfat (BF) were recorded initially and before harvest. Carcass and growth data were analyzed using a mixed model with RFI level (LRFI and HRFI) as the independent variable. The least square means for RFI were -1.2 and 0.99 kg DMI/d, respectively, for the LRFI and HRFI cohorts (P < 0.0001). Dry matter intake was higher for the HRFI individuals versus the LRFI steers (P < 0.0001) while on-test gain was not different (P < 0.95). Marbling score was greater in LRFI than HRFI steers (P < 0.05). However, there were no differences in REA (P < 0.53), BF (P < 0.65), yield grade (P < 0.24), or objective Hunter color measures between LRFI and HRFI steers indicating there was no consistent relationship between RFI and indices of meat quality. Hypothalamic neuropeptide Y (NPY), agouti related protein (AGRP), relaxin-3 (RLN3), melanocortin 3 receptor, and relaxin/insulin-like family peptide receptor 1 (RXFP1) mRNA were expressed 280, 185, 202, 183, and 163% greater, respectively (P < 0.01), while proopiomelanocortin (POMC) mRNA was expressed 42% lower in LRFI than HRFI animals (P < 0.05). Hypothalamic GnRH mRNA expression was 67% lower while gonadotropin inhibiting hormone (GnIH) mRNA was 209% higher in LRFI than HRFI animals (P < 0.01). Pituitary expression of FSHβ and LHβ correlated to hypothalamic GnRH levels (P < 0.05) indicating changes in gene expression within the hypothalamus had functional consequences. Leptin mRNA expression levels were not different between adipose tissue of LRFI or HRFI steers (P < 0.84). These data indicate that animals with superior RFI evaluated during warm conditions have higher expression of orexigenic neuropeptide genes independent of the expression of adipose-derived leptin. Furthermore, the gonadotropin axis may also influence feed efficiency under these conditions.
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INTroDuCTIoN
The beef industry is under significant economic pressure to improve feed efficiency (Archer et al., 2004; Cundiff et al., 2010) . However, such efforts are hampered by seasonal depressions in productivity and a poor understanding of mechanisms that regulate feed efficiency. Greater losses should be expected if warm season temperatures rise as climate models predict (St-Pierre et al., 2003; NCADAC, 2013) . Residual feed intake (rFI) is a heritable feed efficiency measure that ranks cattle based on individual variation in feed intake that is independent of growth rate (Herd and Arthur, 2009 ). Therefore, RFI is useful both in selection programs provided meat quality is not decreased and experimentally to study the regulation of feed efficiency and the impact of heat stress on regulatory pathways.
Heat stressed animals exhibit depressed feed intake and a metabolic response whereby the liver and skeletal muscles adopt metabolic profiles characteristic of a negative energy balance while adipose tissue responds anabolically (Rhoads et al., 2013) . Neuropeptide Y (NPY)/ agouti-related protein (AGRP) neurons and proopiomelanocortin (POMC) neurons in the arcuate nucleus (ArC) reciprocally regulate satiety and basal metabolic rate (Cowley, 2003; Cota et al., 2006) . Leptin, a circulating adipose-derived hormone, can act as a peripheral feedback signal that inhibits feeding through inhibiting NPY/AGRP neurons while stimulating adjacent POMC neurons (Arnold et al., 2006) . Furthermore, temperature sensing afferent neurons influence the ARC to alter feeding behavior and maintain euthermia (Bartness and Song, 2007a,b) .
The importance of the hypothalamus in controlling feed intake and energy balance suggests it may influence feed efficiency and heat tolerance. Therefore, associations between RFI, indices of carcass merit, and the expression of genes known to regulate satiety within the hypothalamus and adipose tissue were evaluated in steers grown during conditions of warm temperature.
MATErIALS AND METhoDS
All procedures involving animals were approved by the Auburn University Animal Care and Use Committee.
Animals and Management
Forty-eight backgrounded Angus-sired steer calves averaging 322 ± 23 d of age were transported to the Auburn University Beef Cattle Evaluation Center where they remained for the duration of the project between June 1, 2011, and September 20, 2011. Weights and hip heights were recorded on each steer on arrival. Steers were stratified based on contemporary group, hip height, and weight into 4 pens (12 head/pen) to minimize social dominance. Each pen of cattle had indoor and outdoor access with a capacity of 12 cattle per pen. Pens were 6.1 by 9.1 m inside and 18.3 by 92.7 m outside. The outside portion of each pen was 18.6 m at the widest point by 92.7 m long and divided into three 6.2-m strips. Steers were allowed access to a different strip weekly to maintain groundcover (common bermudagrass: Cynodon dactylon), which served to minimize erosion and promote hoof health. Each pen contained 12 Calan gates (American Calan, Northwood, NH) to measure individual feed intake and cattle had continuous access to automatic water troughs.
Calves were trained to the Calan gate system during a 21-d acclimation period during which they were fed a corn-based diet at 2% of their body weight and hay (bermudagrass and bahiagrass mix). Steers were fed twice daily. After the initial 21-d warm up period, hay access was removed and steers were fed ad libitum amounts of the on-test diet.
Experimental Design
To determine the association of RFI with indices of carcass merit and the expression of genes within the hypothalamus and adipose tissue in steers reared during conditions of chronic heat stress, a 70-d feeding trial was conducted during the hot season to identify inferior and superior steers by assessing daily feed intake, growth performance, and RFI. The study conformed to Beef Improvement Federation Guidelines for measuring RFI in cattle (Cundiff et al., 2010) and was conducted during conditions in which the thermal-humidity index (ThI) was above 80, the accepted threshold above which it has been established that homeostatic mechanisms in cattle can no longer prevent increases in rectal temperature (Mader, 2003; Mader et al., 2009 ). Before initiation of the feeding trial, steers were weighed and measured for hip height on 2 consecutive days to establish on-test weights and hip heights and were subsequently weighed every 2 wk throughout the test period. Real-time ultrasound was conducted at the initiation of the feeding trial and every 4 wk thereafter with a final measurement performed 24 h before harvest. The diet, fed ad libitum for the duration of the project, consisted of bermudagrass and bahiagrass mix with a concentrate top dress (concentrate with minerals). Chemical composition of the diet was assessed by proximate analysis during the study. At the end of the 70-d test period, RFI was calculated for each steer. Based on the criterion that the mean RFI values be at last 2 SD apart for low RFI (LrFI) and high RFI (hrFI) cohorts, 7 superior and 5 inferior steers were identified and retained while the intermediary 36 steers were marketed. At the end of the study, retained cattle were transported to Auburn University Lambert Powell Meats Laboratory where they were humanely harvested under USDA-Food Safety and Inspection Service inspection. Animals were handled and harvested following the guidelines of the American Meat Institute Foundation (2010) to minimize excessive stress using a Hazard Analysis and Critical Control Point plan for harvest that further mandated minimal handling of animals while at the facility before harvest and the avoidance of handling aids such as electric prods. Immediately fol-lowing exsanguination, adipose and hypothalamic tissues were collected to facilitate gene expression studies. Carcass measurements were performed 24 h postmortem.
Chemical Analysis of Forage
Well mixed short-chopped silage and top dress samples were randomly sampled and placed in collection bags. Samples were then dried for 48 h at 55°C in a convection oven (model 420; NAPCO, Winchester, PA) and weighed before and after drying (equilibrated to room temperature for 24 h) to determine DM. Dry samples were ground in a Thomas-Willey mill (model 4; Thomas Scientific, Swedesboro, NJ) to pass through a 1-mm mesh screen, labeled, and placed in sealed plastic containers. Chemical analyses were conducted on ground samples to determine DM, ash, NDF, ADF, and CP. Methods described by AOAC (1998) were used to determine DM, ash, and CP. Nitrogen was determined using a Leco TruSpec (Leco Corporation, St. Joseph, MI) and multiplied by 6.25 to estimate CP. Forage NDF and ADF were determined on samples according to Van Soest et al. (1991) using an Ankom200 fiber analyzer and Ankom F57 filter bags (Ankom Technology Corp., Fairport, NY). Chemical composition of the diet is indicated in Table 1 .
Real-Time Ultrasound Measurements
An initial real-time ultrasound measurement was performed on all steers to determine on-test ultrasound 12th rib and rump fat thickness, percentage intramuscular fat (IMF), and longissimus dorsi area. Subsequent ultrasound measurements were taken monthly until final ultrasound data were recorded 24 h before harvest. All ultrasound data were collected by the same Ultrasound Guidelines Council certified technician using an Aloka 500 (Aloka America, Wallingford, CT) with a 17-cm transducer using Centralized Ultrasound Processing Lab image capture software (Centralized Ultrasound Processing, Ames, Iowa).
Carcass Measurements
Hot carcass weight was recorded after harvest, and carcasses were chilled at 2 ± 1°C for 24 h. At 24 h postmortem, carcass pH was recorded in the left side round using a pH Spear probe (Oakton Instruments, Vernon Hills, IL) and each carcass was split between the 12th and 13th ribs for evaluation of backfat (BF), rib eye area (rEA), KPH, skeletal maturity, lean maturity, average maturity, and marbling. Longissimus muscles were evaluated for objective color measurements at the 12th and 13th rib interface using a Hunter Miniscan XE Plus (Hunter Lab, Reston, VA) for Hunter L*, a*, and b* values. The Miniscan was calibrated according to manufacturer's recommendations and used a D65 light source, a 10° viewing angle, and a 35 mm viewing area.
Gene Expression Analysis
Upon exsanguination, subcutaneous adipose tissues were immediately collected, snap frozen in liquid nitrogen, and stored at -80°C until mRNA analysis. To facilitate this, a plug of subcutaneous adipose tissue and LM was removed by cutting through the hide immediately on verifying that the animal had expired. The head was removed within 5 min of exsanguination by separating the weasand from the esophagus with a weasand rod, skinning the head, and then severing it from the body where it then underwent immediate inspection before being transported to a wet lab located adjacent to the harvest floor where brain tissue was exposed using a bone saw. The pituitary and a large slice of medial basal hypothalamus containing the ARC were rapidly collected. Processed samples were thoroughly snap-frozen by emersion in liquid nitrogen and buried in dry ice within 10 and 15 min of exsanguination for adipose tissue and neural tissues, respectively. Arcuate nucleus tissue was later harvested from the frozen hypothalamic sample using a punch. Total RNA was extracted from frozen tissue using a 2-step purification protocol with total RNA first being extracted from whole tissue using RNAzol RT (MRC, Inc., Cincinnati, OH) followed by purification using RNAeasy spin columns (QIAGEN, Inc., Valencia, CA) including a deoxyribonuclease treatment according to the manu- facturers' recommendations. Total RNA was quantified using a BioTek Synergy 4 plate reader using the Take3 system (BioTek U.S., Winooski, VT) with all samples exhibiting an optical density (oD) 260/280 between 1.8 and 2.0 and an OD 260/230 value between 1.8 and 2.2. Spectral scans ranging from 200 to 400 nm further verified sample purity as all RNA samples produced smooth curves exhibiting 1 peak at 260 nm. Total RNA integrity was assessed both visually by resolving 2 μg of RNA on a denaturing formaldehyde gel containing ethidium bromide and by determining an RNA integrity number (rIN) using an Agilent 2100 bioanalyzer (Agilent Technologies, Inc., Santa Clara, CA). All samples demonstrated sharp ribosomal bands with a 28S to 18S ratio greater than 1 and RIN values greater than 7.0 and were therefore judged intact and nondegraded. Total RNA was then reverse transcribed using 160 units of Superscript II reverse transcriptase (Promega Inc, Madison, WI) and 0.5 μg Oligo(dT) 15 primers in a reaction volume of 20 μL also containing 1 μg RNA/reaction, 6 mM MgCl 2 , 0.5 mM each of deoxyribonucleotide triphosphate, and 20 units RNasin with the reaction being performed in a single cycle with the following steps: heating for 5 min at 65°C, annealing for 5 min at 25°C, elongation for 50 min at 42°C, and heating for 15 min at 70°C. The cDNA was subsequently stored at -80°C until used in gene expression assays. Real-time PCR was performed on the resultant cDNA using a Roche Lightcycler 480 Realtime PCR machine and LightCycler 480 SYBR Green I Master Mix (Roche Applied Science, Indianapolis, IN) according to manufacturer's directions in a reaction volume of 20 μL consisting of 10 μL of master mix and 10 μL of H 2 O containing 50 ng of cDNA and 0.5 μM each of the forward and reverse primers under the following conditions: 1 preincubation step of 5 min at 95°C followed by 45 cycles with each cycle consisting of a melt step of 10 s at 95°C, an annealing step of 10 s at 57°C, and an elongation step of 10 s at 72°C. Each sample was run in 3 separate PCR runs with resulting crossing point (Cp) values averaged across values obtained from 3 separate plates. All PCR reactions were performed using intronspanning primers under optimized conditions with primer efficiencies ranging between 90 and 100% (Table 2) as verified with standard curves. All primers were designed to have an optimal annealing temperature of 57°C. Product purity was assessed by melting curve analysis and expected amplicon sizes were verified on a 2% agarose gel stained with ethidium bromide. Values were normalized to eukaryotic translation initiation factor 3 subunit K (EIF3K) mRNA expression. The EIF3K mRNA levels represent an appropriate control as the efficiency of the EIF3K primers was 100% (Table 2 ) and EIF3K mRNA expression was not different between any groups tested (P > 0.93). Data are expressed as fold change relative to baseline and calculated according to Pfaffl (2010) .
Statistical Analysis
Growth and carcass traits were analyzed as a completely randomized design using a mixed linear model of SAS version 9.2 (SAS Inst., Inc., Cary, NC). Animal served as the experimental unit. The RFI classification was used as the fixed independent variable in the model using the following model: y = μ + Xβ + Zu + e, in which y = trait of interest; mu = overall mean of the population; X, Z = incidence matricies associating elements of B and u with y; beta = vector of fixed effects for y; u = vector of random genetic animal effects for y; and e = vector of residual error effects. Means were separated using least squares means with a Bonferroni adjustment using a significance level of α = 0.05. Individual animal RFI was determined using the following regression model: DMI = β 0 + β 1 (ADG) + β 2 (WT) + RFI, in which DMI is average daily feed intake, β 0 is regression intercept, β 1 is partial regression coefficient of DMI on ADG, β 2 is the partial regression coefficient of DMI on BW, while ADG and WT, i.e. middle test weight (MidWt 0.75 ), calculated as off-test weight + on-test weight/2, were used as regressors on daily DMI (Koch et al., 1963) . Traits relative to body composition such as BF thickness (as determined by ultrasound) were not included in the equation for prediction of DMI because of the possibility that eliminating variation due to fat cover would confound attempts to study potential associations between efficiency, heat stress, and marbling. Changes in gene expression were calculated from the cycle threshold, after correction using EIF3K expression and analyzed using the pairwise fixed reallocation randomization test of REST-MCS version 2.0 (http://rest.gene-quantification.info/). Correlations between gene expression levels in subcutaneous adipose tissue samples were also determined using the Proc Corr procedures of SAS (version 9.2; SAS Inst., Inc.).
rESuLTS

Growth Performance
Average high and low ambient temperature, humidity, and THI for the months spanning the trial are reported in Table 3 . The THI was above 80 for the duration of the experiment while average low temperatures were above 21°C for all months except September, and therefore experimental conditions met the criteria for inducing chronic heat stress in cattle for the duration of the study (Mader, 2003; Mader et al., 2009 ). Upon completion of the feeding trial, RFI was calculated for each individual steer and animals were classified as LRFI, average RFI (ArFI), or HRFI based on their RFI values. Low, average, and high group RFI means were -1.20, 0.03, and 0.99, respectively, with LRFI and HRFI group means separated by greater than 2 SD (P < 0.0001). As anticipated, there were no differences in initial weight (P < 0.91), initial height (P < 0.16), final weight (P < 0.47), total gain (P < 0.95), or ADG (P < 0.95) between LRFI, ARFI, or HRFI groups (Table 4) . Importantly, however, DMI differed significantly across groups with DMI lowest in LRFI steers and highest in HRFI steers (P < 0.0001) indicating HRFI steers consumed significantly more feed to achieve similar gain as LRFI steers (Table 4) .
Carcass Merit and Meat Quality
To assess a potential relationship between RFI status and carcass merit, indices of meat quality were assessed on carcasses from LRFI and HRFI steers. Consistent with a lack of differences in gain across groups, there were no differences in yield grade (P < 0.24), REA (P < 0.53), or BF thickness (P < 0.65) between LRFI and HRFI steers (Table 5 ). However, marbling score was significantly higher in LRFI versus HRFI steers (P < 0.05). Objective Hunter color score was unaffected by RFI classification as L* values indicating degree of lightness (P < 0.34), a* values indicating degree of redness (P < 0.43), and b* values indicating degree of yellowness (P < 0.21) were not different between LRFI and HRFI steers.
Gene Expression
Neuropeptides in the ARC of the hypothalamus are known to regulate feeding behavior in mammals. Figure 1 illustrates the association between RFI status and the expression of several genes in the ARC of LRFI and HRFI steers that have been implicated in regulating satiety. The mRNA expression for neuropeptide Y (NPY), agouti-re- TCT TCT CCA CGA TGT TCT TGG GCT Reverse 1 Neuropeptide Y (NPY), agouti-related protein (AGRP), proopiomelanocortin (POMC), relaxin-3 (RLN3), melanocortin 3 receptor (MC3R), melanocortin 4 receptor (MC4R), relaxin/insulin-like family peptide receptor 1 (RXFP1), gonadotropin releasing hormone (GnRH), gonadotropin inhibiting hormone (GnIH), and pituitary mRNA expression of follicle stimulating hormone beta polypeptide (FSHβ) and luteinizing hormone beta polypeptide (LHβ), and eukaryotic translation initiation factor 3 subunit K (EI3K). lated protein (AGRP), and relaxin-3 (RLN3) was 280, 185, and 202% higher, respectively (P < 0.01), while proopiomelanocortin (POMC) mRNA expression was 42% lower (P < 0.05) in the ARC of LRFI steers versus HRFI steers. Figure 2 illustrates the association between RFI status and the expression of genes in the ARC of LRFI and HRFI steers that encode the cognate receptors for neuropeptides relaxin-3 and a cleavage product of POMC, melanocyte-stimulating hormone (α-MSH). The mRNA expression of melanocortin 3 receptor (MC3R) and relaxin/insulin-like family peptide receptor 1 (RXFP1) was 183 and 163% higher in LRFI steers compared to their HRFI counterparts (P < 0.01) while the expression of melanocortin 4 receptor (MC4R) was not different between LRFI and HRFI steers (P < 0.63). Figure 3 illustrates the association between RFI status and the expression of several neuronal genes involved in the gonadotropin axis. The mRNA expression of GnRH was 67% lower (P < 0.01) while the expression of gonadotropin inhibiting hormone (GnIH) mRNA was 209% higher (P < 0.01) in the hypothalamus of LRFI versus HRFI steers. Consistent with the expression of gonadotropin regulatory hormone genes, the pituitary expression of follicle stimulating hormone β polypeptide (FSHβ) and luteinizing hormone β polypeptide (LHβ) mRNA was decreased 51 and 44%, respectively, in LRFI steers compared to HRFI steers (P < 0.05). Pearson correlation coefficients and associated P values for hypothalamic GnRH and pituitary gonadotropin mRNA expression are reported in Table 6 . The expression of GnRH mRNA significantly correlated with the abundance of FSHβ (P < 0.05) and LHβ (P < 0.05) mRNA in the pituitary indicating that when GnRH gene expression was lower, so too was expression of gonadotropin genes.
Leptin is an adipose tissue-derived hormone known to signal satiety by acting on neurons within the ARC. Despite increased expression of NPY and POMC mRNA in the ARC of LRFI steers, leptin (Ob) mRNA expression was not different (P < 0.84) in subcutaneous adipose tissue of LRFI steers relative to their HRFI steer counterparts (Fig. 4) .
DISCuSSIoN
The importance of the hypothalamus in controlling feed intake and energy balance is well established in ruminants and therefore represents an attractive candidate tissue for identifying mechanisms that might contribute to or serve as markers for heat tolerance and variation in RFI (Baile and McLaughlin, 1987; NRC, 1987; Sartin et al., 2011) . To address this hypothesis, potential associations between RFI status and the expression of hypothalamic genes implicated 3 HRFI = high RFI.
4 NA = not applicable; average steers were sold at auction preharvest and therefore carcass data for these steers are not available.
5 USDA Yield Grade: 1 to 5 scale, where 1 = leanest and 5 = fattest. 6 REA = rib eye area. 7 Marbling score: 300 = Traces; 400 = Slight; 500 = Small; etc. Pfaffl (2010) . Bars denoted by * differ (P < 0.05); low RFI, n = 7; high RFI, n = 5. in regulating satiety were examined in steers grown during commercial-like conditions of heat stress.
The current study was designed with the aim of identifying sufficient numbers of superior (LRFI) and inferior (HRFI) steers to allow meat quality and gene expression comparisons to be made between groups based on the predetermined criterion that mean RFI values between the LRFI and HRFI cohorts were at least 2 SD apart. The spread in RFI between the 2 groups was consistent with previous studies conducted at the Auburn University Beef Cattle Evaluation Center and were sufficiently large enough to meet the above criteria (Perkins et al., 2013) . As expected, cattle exhibited similar growth performance across RFI classes while RFI and DMI were positively correlated (Archer et al., 1999; Herd and Bishop, 2000; Arthur et al., 2001; Herd et al., 2003; Baker et al., 2006; Kolath et al., 2006; Nkrumah et al., 2006; Kelly et al., 2010) . Mean values for DMI, ADG, and total gain in this experiment were also similar to values reported for other studies (Baker et. al., 2006; Kolath et. al., 2006; Kelly et al., 2010; Perkins et al., 2013) . Growing cattle experience heat stress when the THI climbs above 80 especially if overnight ambient temperature fails to fall below 21°C, a condition that impairs the ability of growing or finishing cattle to dissipate heat (Mader, 2003; Mader et al., 2009 ). These conditions were largely satisfied over the duration of the 70-d feeding trial suggesting cattle were subjected to heat stress while on test.
There is significant economic pressure for producers to finish cattle to an endpoint that merits quality grades of USDA Prime or Choice (Anderson, 2012) . Given the potential that carcass merit could be impacted by either adaptive changes to heat stress or RFI status, we determined the association of RFI with indices of carcass merit when steers were grown during the hot season. Consistent with several studies, we observed no differences between LRFI and HRFI steers in yield grade, REA, or subcutaneous adipose tissue mass, as measured by BF (Carstens et al., 2002; Schenkel et al., 2004; Baker et al., 2006; Nkrumah et al., 2007; Ahola et. al., 2011; Perkins et al. , Figure 2 . The mRNA expression of neuropeptide receptors (A) melanocortin 3 receptor (MC3R), (B) melanocortin 4 receptor (MC4R), and (C) relaxin/insulinlike family peptide receptor 1 (RXFP1) in the arcuate nucleus of steers identified as either efficient (low residual feed intake [RFI]) or inefficient (high RFI). Data are expressed as fold change relative to high RFI steers and calculated according to Pfaffl (2010) . Bars denoted by * differ (P < 0.05); low RFI, n = 7; high RFI, n = 5. Figure 3 . The hypothalamic expression of (A) gonadotropin releasing hormone (GnRH) and (B) gonadotropin inhibiting hormone (GnIH) mRNA and pituitary expression of (C) follicle stimulating hormone β polypeptide (FSHβ) and (D) luteinizing hormone β polypeptide (LHβ) mRNA in steers identified as either efficient (low residual feed intake [RFI]) or inefficient (high RFI). Data are expressed as fold change relative to high RFI steers and calculated according to Pfaffl (2010) . Bars denoted by * differ (P < 0.05); low RFI, n = 7; high RFI, n = 5. Pfaffl (2010) . Bars denoted by * differ (P < 0.05); low RFI, n = 7; high RFI, n = 5. 2013). Likewise, in agreement with Baker et al. (2006) , there were no consistent differences in objective Hunter color scores for steaks harvested from LRFI and HRFI steers. However, LRFI steers surprisingly accumulated greater amounts of IMF than their HRFI counterparts in the current study as measured by marbling score despite no differences in BF between the 2 groups. This observation is contrary to multiple RFI studies conducted in growing cattle regardless of whether BF thickness was included in the model used by investigators to predict RFI (Carstens et al., 2002; Schenkel et al., 2004; Baker et al., 2006; Nkrumah et al., 2007; Ahola et. al., 2011) . While the model used to predict RFI in the current study does not include BF, the negative correlation observed between marbling score and RFI was not affected by adding BF to the model in a separate analysis. This observation is puzzling especially since we failed to observe such an association in a previous study conducted during the cool season (Perkins et al., 2013) . However, a recent study conducted by McGee et al. (2013) to evaluate Wagyu cattle for RFI observed a trend toward a negative correlation of ultrasound marbling with RFI that likewise was independent of BF. The biological significance of such correlations is unclear but they illustrate that favorable correlations between IMF and RFI are possible and the association between the 2 economically important traits warrants further study. Importantly, it appears that selection for RFI does not negatively impact meat quality in cattle.
The regulation of feed intake is an important component that both influences feed efficiency and underlies the adaptation to seasonality in cattle. There is a strong positive correlation between DMI and RFI while differences in feeding behavior traits consistent with LRFI steers having lower DMI have been observed between LRFI and HRFI cattle (Golden et al., 2008; Lancaster et al., 2009; Montanholi et al., 2010; Kelly et al., 2010; Durunna et al., 2011; Hafla et al., 2013) . The addition of feeding behavior traits such as frequency or duration of feeding bouts to RFI models explains up to 35% of the variation in DMI not explained by ADG and MidWt 0.75 in base RFI models (Lancaster et al., 2009; Kelly et al., 2010; Kayser and Hill, 2013) . Likewise, heat stressed animals, that is, animals maintained in environments where ambient temperatures are above the upper critical temperature whereby they can dissipate heat without undergoing adaptive responses to maintain euthermia, exhibit a hallmark depression in feed intake (Hahn, 1995 (Hahn, , 1999 . This shift in feeding behavior is accompanied by systemic adaptations in the periphery that appear regulated independently of DMI and include 1) altered circulating levels of homeorhetic hormones such as insulin, glucagon, catecholamines, cortisol, and thyroid hormone, 2) a corresponding shift in peripheral tissue metabolism the basis for which is not completely understood, whereby the liver and skeletal muscles adopt metabolic profiles characteristic of a negative energy balance while adipose tissue responds anabolically, and 3) impaired mitochondrial function manifested as reduced oxidative glucose metabolism (Lindquist, 1986; Rhoads et al., 2013) . It is unclear how these 2 adaptive paradigms are linked from a regulatory standpoint although it is likely that both contribute to the reduced productive performance in response to seasonality (Hahn, 1999; St-Pierre et al., 2003) .
The present study indicates that LRFI steers grown in the hot season exhibited greater hypothalamic expression of the orexigenic genes NPY, AGRP, and RLN3 and lower expression of the anorexigenic gene, POMC, relative to their HRFI counterparts suggesting LRFI steers had a higher drive to eat despite exhibiting significantly lower DMI over the course of the study. Such an expression profile was unexpected given a previous study conducted during the cool season where LRFI steers exhibited a hypothalamic gene expression pattern indicative of a lower drive to eat (Perkins et al., 2013) . One plausible explanation for this unexpected finding is that a hypothalamic gene expression profile consistent with a higher drive to eat might represent a molecular signature of heat tolerance in the ARC. In ruminants, the heat increment of feeding (hIF) is estimated to be 10 to 30% of metabolizable energy intake depending on forage quality (Susenbeth et al., 1998) . Given RFI is positively correlated with DMI, animals that eat less for the same level of performance would be expected to have a lower HIF. Multiple studies in cattle indicate that LRFI animals exhibit 10 to 24% fewer daily feeding bouts and up to 11 to 26% shorter feeding bout durations than their HRFI counterparts although some variability exists in these associations across studies in the literature (Nkrumah et al., 2007; Golden et al., 2008; Lancaster et al., 2009; Montanholi et al., 2010; Kelly et al., 2010; Durunna et al., 2011; Schwartzkopf-Genswein et al., 2011; Hafla et al., 2013; Kayser and Hill, 2013) . Consistent with the differences in feeding behavior traits, LRFI steers produce 10 to 20% less heat than their HRFI counterparts (Basarab et al., 2003; Nkrumah et al., 2006) . Therefore, more efficient animals would be predicted to cope better with high THI values than their inefficient counterparts. It is tempting to hypothesize that LRFI steers exhibit dampened afferent signaling from temperature-sensitive neurons. Such a mechanism is consistent with LRFI steers having orexigenic gene expression profiles in their ARC relative to HRFI steers in response to chronically high THI as HRFI steers would be under greater pressure to reduce DMI to maintain euthermia due to their underlying tendency to eat more than their efficient counterparts. Alternatively, since neuropeptides within the ARC that regulate energy balance often have reciprocal actions on feeding behavior and metabolic rate such that a factor that signals hunger will also lower basal metabolic rate, it is possible that afferent signaling during chronic exposure to high ambient temperature may uncouple the dual action of the ARC on feeding and energy expenditure such that elevation of an orexigenic gene may only serve to lower metabolic rate under conditions of heat stress (Boston et al., 1997; Gao and Horvath, 2007; Abizaid and Horvath, 2008) . Differences in mitochondrial function and basal metabolic rate between LRFI and HRFI steers might also impact adaptive responses in the ARC. It appears that mitochondria from LRFI cattle exhibit higher rates of oxidative phosphorylation compared to their HRFI counterparts as both mitochondrial respiratory chain coupling and oxygen uptake is higher in the liver and skeletal muscle of LRFI cattle (Kolath et. al., 2006; Lancaster et al., 2007) . Interestingly, depressed levels of thyroid hormone result in decreased proton leak in the mitochondria and it is well established that heat stress is accompanied by adaptive decreases in circulating thyroid hormone levels in cattle orchestrated to decrease basal metabolic rate (Hafner et al., 1989 (Hafner et al., , 1990 Singh, 2009, 2010) . Therefore, it appears that decreased proton leak associated with LRFI may negate the need for adaptive changes in homeorhetic hormones such as thyroid hormone. It is tempting to speculate that selecting for LRFI results in a phenotypic endpoint that mimics the ideal metabolic endpoint for maintaining euthermia during conditions of persistently high THI.
No differences were observed in leptin mRNA expression between LRFI and HRFI steers in the current study suggesting that leptin expression does not influence feed efficiency when cattle are grown during conditions of chronically high THI. This finding is consistent with there being no difference in BF between LRFI and HRFI steers. But it contradicts our previous study where leptin mRNA expression was elevated in LRFI steers versus their HRFI counterparts and was correlated with lower NPY and elevated POMC expression in the ARC of LRFI cattle (Perkins et al., 2013) . Furthermore, leptin has been implicated in regulating feed efficiency in cattle through studies that have observed associations between RFI and leptin expression (Nkrumah et al., 2004; Hoque et al., 2009; Kelly et al., 2009; Trujillo et al., 2013) . Finally, heat stress has been associated with elevated leptin expression in pigs and mice (Renaudeau et al., 2003; Morera et al., 2012) . It is possible that no differences in leptin expression were seen in the current study because both LRFI and HRFI cattle were exposed to conditions of chronically high THI, thus confounding the ability to detect differences across RFI status. Further study using climate controlled environments will be required to better understand the role of leptin in heat stress and feed efficiency in cattle.
Given that the effects of neuropeptides on satiety are mediated through interaction with their respective receptors, we measured expression of the RXFP1, MC3R, and MC4R genes in the hypothalamus of LRFI and HRFI animals. The divergent effect of RFI status on MC3R and MC4R mRNA expression in the ARC indicates that despite similar effects on satiety, the 2 genes are regulated via independent mechanisms. This suggests that while functional redundancy may exist between MC3R and MC4R, they may exert differential actions on pathways affecting energy balance in cattle. The role each receptor subtype plays in regulating satiety in cattle is not well characterized. The impact of increased expression of RXFP1 in LRFI vs. HRFI groups is not clear although higher RLN3 expression was also observed in LRFI steers in the current study, and together these observations support a role for relaxin-3 in regulating feed efficiency in cattle.
Consistent with our previous study implicating GnRH/GnIH in regulating feed efficiency, mRNA expression for GnRH was lower while expression of GnIH mRNA was elevated in the hypothalamus of LRFI vs. HRFI steers (Perkins et al., 2013) . Furthermore, the expression of GnRH was highly correlated with gonadotropin gene expression in the pituitary indicating the changes in GnRH/GnIH gene expression had functional downstream consequences. Such a role for GnIH is supported by the observation that feed intake is stimulated without corresponding effects on energy expenditure when GnIH is infused intracerebrally in rodents, primates, and ruminants Qi et al., 2009; Clarke et al., 2012) . Furthermore, GnRH has been identified as a potential regulator of feed efficiency in cattle using a genomewide association study and intracerebroventricular infusions of GnRH have been shown to significantly alter food consumption in shrews and zebrafish while a growing literature suggests that vaccinating against GnRH increases feed intake in pigs (Kauffman and Rissman, 2004; Millet et al., 2011; Batorek et al., 2012; Rolf et al., 2012) . These data support a role for GnRH/GnIH in regulating energy balance and feeding. Furthermore, they suggest the presence of temperature-sensitive and temperature-independent pathways in the hypothalamus.
In conclusion, the development of strategies to improve feed efficiency and heat tolerance in cattle is currently slowed by a poor understanding of the biophysical basis for heat tolerance and the molecular mechanisms responsible for variation in heritable feed efficiency measures such as RFI. This study provides novel data concerning the expression of hypothalamic genes within the feeding center of the brain in efficient and inefficient cattle grown during conditions of chronically high THI. These data indicate that animals that have superior RFI during warm conditions have higher expression of orexigenic neuropeptide genes independent of the expression of adipose-derived leptin despite exhibiting a lower DMI over the course of the study. Furthermore, this study provides evidence that the gonadotropin axis may also influence feed efficiency under these conditions. This study identifies several novel targets that may regulate feed efficiency and underlie the variation in RFI observed in growing cattle.
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